To validate Graves' classification of the intrarenal arteries and to verify the absence of collateral arterial blood supply between different renal segments, in order to maximize peri-operative and functional outcomes of partial nephrectomy.
Objectives
To validate Graves' classification of the intrarenal arteries and to verify the absence of collateral arterial blood supply between different renal segments, in order to maximize peri-operative and functional outcomes of partial nephrectomy.
Materials and Methods
The study was performed on 15 normal kidneys sampled from eight unembalmed cadavers. Kidneys with the surrounding perirenal fat tissue were removed en bloc with the abdominal segment of the aorta. The renal artery was injected with acrylic and radiopaque resins, with the specimen suspended in water. CT examination of the injected kidneys was performed to analyse the branches located deeply. After imaging acquisition, the specimens were treated with sodium hydroxide for removal of the parenchyma to obtain vascular casts.
Results
Ten casts (66.6%) showed the classic subdivision of the main artery into single posterior and anterior branches. With regard to the distribution of the segmental or second-order arteries, only two casts (13%) showed a pattern similar to that described by Graves, characterized by four segmental (secondorder) branches coming from the anterior renal artery (apical, superior, middle and inferior). In the remaining 13 kidneys (87%) a different arterial vascular network was detected. In 10 casts (80%) a single renal segment was vascularized by two or more different branches coming from an artery leading to another segment (multiple vascularization). Multiple vascularization was observed in three (20%) apical segments, five (33%) superior segments, six (40%) middle segments, seven (47%) inferior segments and two (13%) posterior segments.
Introduction
A detailed understanding of surgical anatomy is essential to minimize the risk of complications and to maximize perioperative and functional outcomes of partial nephrectomy (PN). In 1901, Max Br€ odel described the subdivision of the main renal artery into four to five branches, the distribution of which is such that three-quarters of the blood supply is carried anteriorly, while one-quarter runs posteriorly. Interestingly, in his original study on intrinsic blood vessels of the kidney and their significance in nephrotomy, Br€ odel defined the renal arteries as end vessels in the strictest meaning of the word, with the anterior segments never crossing over to the posterior side, or vice versa. He strongly highlighted that renal arterial vessels do not anastomose with each other [1] . Subsequent anatomical acquisition supported the hypothesis that each segmental artery supplies a distinct portion of the kidney, confirming the absence of collateral arterial blood supply between the different segments. According to the classic Graves description, the renal parenchyma is subdivided into five segments (apical, upper, middle, lower and posterior), each supplied by its own branch originating from the main renal artery [2, 3] . More recent radiological studies have described the presence of so-called pre-segmental arteries originating between the main artery and the segmental branches [4, 5] . Interestingly from the surgical point of view, beyond the main renal artery also the posterior and anterior branches show frequently an extraparenchymal tract at the level of the renal hilum [6] . Imaging studies have shown that angio-CT can be used to visualize the renal arterial vasculature, often including the artery or arteries leading to the parenchymal tumour. Obviously, a detailed knowledge of the classic anatomy of the renal arterial vasculature can play a significant role during both the excisional and the reconstructive steps of PN, improving peri-operative, functional and oncological outcomes [6] . Clamping the main renal artery provides the best surgical scenario, helping surgeons to perform the tumour resection and the closure of the parenchymal defect in an ideal bloodless field; however, prolonged ischaemia can be associated with long-term renal function impairment [7] [8] [9] . To minimize the effect of warm or cold ischaemia on renal parenchyma, some authors proposed selective clamping of the segmental artery leading to the tumours, preserving the blood flow at a level of the renal segments not involved in the disease [10] ; however, the use of near-infrared fluorescence imaging with indocyanine green during robotassisted PN has frequently shown that selective clamping of the segmental arteries does not allow complete ischaemia of the tumour area [11] . This could be attributable to the location of the tumour involving two or more renal segments or to segmental arterial branches supplying more than a single renal segment. This last hypothesis is not consistent with the classic descriptions of the renal vasculature by Br€ odel and Graves.
Considering the potential clinical implications of this, we performed an anatomical study of the arterial vasculature on the normal kidney of the human cadavers. Our aims were: (i) to validate Graves' classification of the renal vasculature; (ii) to verify the absence of collateral arterial blood supply between different renal segments; and (iii) to measure the calibre of the different levels of arteries to predict the potential effect of available haemostasis devices.
Material and Methods
The study was performed on normal kidneys sampled from unembalmed cadavers. The scientific coordinator of the donation programme approved the study. During the dissection step of the study, kidneys and the surrounding perirenal fat tissue were removed en bloc with the renal segment of the aorta [12] . According to a personal protocol [13] for obtaining vascular corrosion casts, the renal artery was injected with acrylic and radiopaque resins (Beracryl; Troller, Fulenbach, Switzerland; 200 mL), with the specimen suspended in water. CT examination of the injected kidneys was then performed in order to analyse the branches located deeply and therefore difficult to visualize in the surface analysis of the vascular casts. CT axial images (Philips Medical Systems, Best, The Netherlands) of the specimens were acquired using the following parameters: slice thickness 1 mm; 140 kV; and 350-400 mA. Analysis and post-processing of the CT scans were carried out on an Aquarius Workstation (version 3.6.2.3; TeraRecon, San Mateo, CA, USA). After the imaging acquisition, the specimens were treated with sodium hydroxide for removal of the parenchyma to obtain the vascular casts (Fig. 1 ).
The analysis of the branching of the renal artery was independently and randomly performed by two of the authors on the vascular casts and the corresponding radiological images. According to the objectives of the study, Graves classification was the reference. Briefly, the referent model is characterized by the subdivision of the main renal artery into posterior and anterior main branches. Four segmental branches originate from the anterior branch, supplying the apical, superior, middle and inferior parenchymal segments. The posterior branch supplies the corresponding segment [2] . In addition, regardless of the distribution of the arterial branches to the different renal segments, we planned to classify the renal arterial vessels into different orders as follows: the anterior and posterior branches of the renal artery were defined as first-order arteries, the branches of the anterior and posterior renal arteries as second-order arteries, and the branches originating from the second-order arteries as third-order arteries. Further arterial branching vessels were defined as fourth or fifth order. In each case the last recognizable order of branches, corresponding to the segmental branch of Graves, were those reaching the segment. Extensions of the segments were identified in the vascular casts evaluating the presence of the 'fissures' among the segments. In particular, in the corrosion casts, the term fissure refers to the space characterized by the absence of all but the smallest branches of the artery, usually too fragile to preserve [2, 14] (Fig. 2) .
Finally, the calibres of the first-and second-order branches were evaluated using a high-quality electronic digital calliper at the level of their origin (Metrica, Milano, Italy). Any discrepancy among the casts or imaging interpretation was resolved by open discussion among the authors.
Results
The study was performed on 15 normal kidneys sampled from eight unembalmed cadavers. In eight specimens the left kidney was evaluated and in the remaining seven cases the right kidney. The mean age of the donors was 66 AE 12 years. Two cadavers were male and six female. A single main renal artery was clearly recognizable in all the corrosion casts of the 15 kidneys. Ten casts (66.6%) showed the classic subdivision of the main artery into two-first-order arteries, represented by a posterior and an anterior branch. Four (20%) casts showed three-first-order arteries, corresponding to two anterior arteries and one posterior artery. The remaining cast (6.6%) showed four-first-order arteries consisting of three anterior arteries and one posterior artery (Table 1) .
With regard to the distribution of the segmental arteries, only two (13%) casts showed a pattern similar to that described by Graves, which is characterized by four segmental (second-order) branches coming from the anterior renal artery (apical, superior, middle and inferior). In the remaining 13 kidneys (87%) a different arterial vascular network was detected; specifically, the anterior renal artery divided into two-second-order branches in five kidneys (33%), into three-secondorder branches in five kidneys (33%), and into fivesecond-order branches in the remaining three kidneys (20% [Fig. 3]) . The third-order arteries were detected in all the evaluated casts. In only four casts (27%), a fourth order of branching arteries was also recognizable, while in one case (7%) a fifth order of branching arteries was evident. The posterior renal artery itself divided into According to Grave's model, all renal segments receive at least one specific segmental artery; however, in 10 of our casts (80%), a single renal segment was vascularized by two or more different branches coming from an artery destined for another segment. In detail, overlapping branches were observed in three apical segments (20%; two branches in one case and three branches in two cases), in five superior segments (33%; two branches in five cases), in six middle segments (40%; two branches in four cases and three branches in two cases), in seven inferior segments (47%; two branches in six cases and three branches in one case) and in . Notably, in six (40%) of previous cases the anterior renal segments received blood supply from branches of the posterior renal artery. Conversely, only in one cast (7%) we described collateral of the anterior renal artery perfusing contemporary also the posterior renal segment.
The mean calibre of the main renal artery was 4 AE 0.83 mm. The mean calibre of first-order arteries was 3.37 AE 0.95 mm for the anterior renal branch and 2.87 AE 0.7 mm for the posterior ones. The mean calibre of the second-order arteries was 1.75 AE 0.42 mm for the apical vessels, 2.48 AE 0.9 mm for the superior, 2.55 AE 0.92 mm for the middle and 2.4 AE 0.62 mm for the inferior ones.
Discussion
The present anatomical study showed that the renal arterial vasculature cannot be schematized according the classic Graves classification. Indeed, in the majority of the evaluated cases we observed a different number and course of the segmental arteries perfusing the apical, superior, middle, inferior and posterior segments of the kidney, from that described by Graves [2] . Although most anatomists use different terminology, according to which the apical, superior and middle segments are known as superior, antero-superior and antero-inferior segments [15] , we decided to adopt the original Graves terminology which is the more commonly used in the urological literature [16] .
Previous studies on arterial renal vasculature have had conflicting results. In 1963, Sykes analysed 71 arterial corrosion casts of human cadaveric kidneys and confirmed Graves' description in 83% of cases [17] . Conversely, Ajmani and Ajmani [18] analysed 100 casts and reported many variations in the intrarenal branching pattern of the upper, middle and inferior segmental arteries which did not allow a standardized classification [18] . A similar variability in the intrarenal branching pattern of all renal segmental arteries was reported in 1984 in another anatomical study performed by Longia et al. [19] . In the present study, we confirmed the wide variability of the renal arterial distribution, identifying Graves' arterial organization in only 13% of the analysed casts. Thus, to simplify the description of the observed differing renal arterial network, we propose classifying arteries into different orders according to their origin.
Another relevant finding from the present study was the presence of a collateral arterial blood supply between different renal segments. This finding completely changes the classic anatomical knowledge, which was based on the idea that each segmental artery supplies a distinct portion of the kidney with no collateral circulation among them [15, 16] .
Previous studies on arterial renal vasculature reported variability in the supply to the renal segments. Indeed, as reported by Raghavendra and Telkar [20] in their anatomical study, in some cases the apical, middle and lower segmental arteries derive from the posterior branch of the renal artery instead of from the anterior branch. In a recent radiological study, Rocco et al. [21, 22] confirmed their previous anatomical observation on casts of human kidneys. Specifically, they highlighted the fact that three anterior segmental arteries (superior, middle and inferior) supply the anterior aspect of the kidney up to the convex margin and (inferior branch) part of the posterior aspect of the lower pole of the kidney. This last anatomical pattern is present in all cases in which the posterior artery terminates along the posterior end of the inferior major calyx or even above the inferior calyx. The present study is the first to describe the presence of a collateral arterial blood supply. This observation derived from the identification of the boundaries between the segments in our analysis of the vascular cast. The knowledge of the extension of a single segment allows us to correlate it with the branches leading into it. Further studies are needed to review the number and extension of the renal segments [23] .
From a pathophysiological point of view the immediate consequence is that an injury or occlusion of a segmental artery could not produce in a complete segmental renal infarction. This anatomical feature may represent a potential disadvantage in some circumstances and a potential benefit in others. Several authors have recently proposed that selective clamping of the segmental renal artery supplying the corresponding parenchymal segment involved by the tumour be performed during PN [10] ; however, the operating field is not bloodless in all cases that are treated using selective clamping, resulting in an increase in risk of bleeding and potential violation of the tumour capsule. For this reason, surgeons performing robot-assisted PN have proposed using near-infrared fluorescence imaging technology before the tumour resection to test the effect of selective clamping of the segmental artery or its third-orders branches [11] . Interestingly, a recent multicentre study reported that, when using near-infrared fluorescence, the planned selective clamping technique was completed only in 65% of cases. The remaining 35% of cases required main renal artery clamping because of continued tumour perfusion, despite selective clamping [11] .
The inefficacy of selective clamping could be attributable to two anatomical factors. First, the tumour might be located in a position that crosses two different parenchymal segments. Second, the segment in which the tumour is located might receive two or more overlapping arterial branches derived from a segmental artery supplying a different segment, as shown in the present anatomical study. Unfortunately, Bjurlin et al. [11] did not report the patient and tumour characteristics of cases requiring main artery clamping.
Conversely, the presence of overlapping vessels can help maintain adequate perfusion in a wide portion of the healthy parenchyma in patients requiring percutaneous selective occlusion of the arterial vessels to treat the haemorrhagic complications (haematuria, perirenal haematoma or arterovenous fistula) of surgical procedures such as PN, percutaneous pielolitotomy, complex retrograde intrarenal surgery or nephrostomy tube placement [24, 25] . In these cases, supplementary vessels can provide adequate perfusion of the parenchymal segment supplied by the occluded artery/ arteries.
Although the number of casts evaluated in the present study does not allow us to draw definitive conclusions about the prevalence of the overlapping vessels for each parenchymal segment, the findings concerning the middle and inferior segments seem to be the most interesting. Consequently, when a PN is planned for a renal tumour involving these segments, surgeons must take into consideration that selective clamping might be ineffective. Conversely, tumours located at the level of the posterior segments have a limited risk of perfusion by a collateral blood supply from anterior segmental arteries. Clamping the posterior branch of the renal artery should therefore offer excellent ischaemia for all tumours located at the level of the posterior segment.
The present study highlights the importance of careful preoperative planning of surgical strategy using angio-CT imaging and, where available, the three-dimensional reconstruction of the kidney. Moreover, in cases planned for robot-assisted PN, near-infrared fluorescence imaging technology is recommended to test the effectiveness of selective clamping before starting the tumour resection. Figure 6 shows a case in which an inferior polar renal tumour is vascularized by second-order arteries coming from both inferior and middle segmental arteries. Selective clamping of the inferior segmental artery could result in a bloody procedure (Fig. 6A,B) .
The present study provides interesting data concerning the calibre of the first-and second-order renal arteries. This information could support the potential use of haemostasis devices during the excisional step of PN. Currently, the Harmonic â scalpel (Ethicon Endo-Surgery, Somerville, NJ, USA), LigaSure TM (Covidien, Minneapolis, MN, USA) and Thunderbeat TM (Olympus, Tokyo, Japan) are the most commonly used haemostasis surgical energy devices. Company data shows that these devices are effective at sealing and cutting vessels up to 7 mm in diameter (www. medtronic.com; www.ethicon.com; www.olympus.de). Although we measured the inner calibre of the first-and second-order arteries and information on their diameters is not available in the present study, we believe that secondorder arteries close to the tumour, in particular, could be adequately sealed and cut using the available surgical energy devices, reducing or avoiding renal ischaemia. This would support the use of a clampless technique in appropriate cases.
Anatomical study of normal human kidneys is challenging and the present study is limited by the number of evaluated cases. Another potential limitation is the fact that the majority of the analysed specimens were from female cadavers. RCC occurs more frequently in men and there can be gender differences in renal vasculature [26] . Further studies are needed to confirm our results regarding the presence and the prevalence of collateral arterial blood supply between different parenchymal segments. The results of this study should be validated in clinical practice, preferably using angiographic CT or three-dimensional printing technology to visualize the first, second and third orders of renal vessels [27] .
In conclusion, the renal arterial vasculature cannot be schematized according to the standard Graves classification because, in the majority of the cases evaluated in the present study, the number and course of the segmental arteries perfusing the apical, superior, middle, inferior and posterior segments of the kidney differed from this. Moreover, the presence of a collateral arterial blood supply between the different segments should be taken into consideration, especially when a selective clamping technique is planned. Conversely, the presence of overlapping vessels between different segments can reduce the potential ischaemic damage to the renal parenchyma in complicated cases requiring percutaneous embolization of arterial vessels for haemorrhagic complications of surgical procedures.
